INTRODUCTION
In Japan, the number of failures caused by harmonics showed a gradual increase in the 1980s. Therefore, in 1994, the then Ministry of International Trade and Industry (MITI) prescribed two kinds of limits for harmonic currents injected into the public electric power supply system. It is important to ascertain the effectiveness and sufficiency of these limits, and if they are found to be insufficient and ineffective, they should be made more stringent or another method should be used. Japanese electric power companies have been measuring harmonic voltages at the same bus bars at several substations since the year the limits were prescribed. In addition, a special extensive survey was carried out in 2003 during which harmonic voltages of 6.6 kV lines were measured at 102 different points. This paper analyzes the survey data and discusses the obtained trends and distribution.
LIMITS OF HARMONIC CURRENT IN JAPAN
The two kinds of limits that were prescribed by the MITI in 1994 are as follows. One is for electric appliances and general-purpose electrical products, and they are almost the same as those specified in IEC 61000-3-2. The other kind of limit is for large consumers who are supplied with electricity at a voltage greater than or equal to 6.6 kV. This set of limits is unique to Japan. In Japan, the electric power distribution lines usually operate at a voltage of 6.6 kV, and consumers with contract power between 50 kW and 2000kW generally supplied with electricity through the 6.6 kV line. Table 1 shows a part of the limits. They are proportional to the contract power and are expressed in the units of milliamperes per kilowatt. The limits for consumers supplied with 6.6 kV are more stringent than those with higher supply voltages. The limits are not affected by the short-circuit power of each consumer or by the existing harmonic voltage.
ANNUAL TREND IN TOTAL HARMONIC VOLTAGE DISTORTION
There are ten major electric power companies in Japan. Each company has measured the harmonic voltages at the same 6.6 kV bus bars at two substations since 1994. One of the substation supplies electricity to business areas, while the other supplies to residential areas. Each company measures the harmonic voltages at only two bus bars; however, because they are measured at the same bus bars, we can identify the trend. Measurements are performed on the hour for five successive days in October, including Saturday and Sunday. The Federation of Electric Power Companies of Japan announces the average and the standard deviation of the total harmonic Figure 1 shows the averages and the values of the sum of the average and two times the standard deviation from 1994 to 2007. Each plot shows 1200 data points, that is, 24 data per day for five days and 10 companies. 
Statistical test for the trends
The trend in the THD seems to increase from 1994 to 1999 and decrease from 1999 to 2007. The slopes estimated by the method of least squares for 1994 to 1999 and 1999 to 2007 are shown in Table 2 . All slopes for the former and latter years are positive and negative, respectively. Because of the continuous variation in the THD, these data can be randomly obtained even if the THD does not actually increase or decrease. Therefore, statistical tests were performed by using the method of tratio in order to check if the tendency of the slopes to change from positive to negative was significant. 
Here, X i and Y i are one year and the measurement data obtained during the year, respectively. X ave is the average of X i and n is the number of data. The value of equation (2) (given below) is called the t-ratio, the distribution is called the t-distribution, and the degree of freedom is (n -2). The t-ratio is used to check the statistical significance of the trend of the slope being zero.
Since the numbers of data are six and nine for 1994 to 1999 and 1999 to 2007, respectively, the degrees of freedom are four and seven for the two periods, respectively. The t-ratios are also shown in Table 2 . The relationship between the t-ratios and the t-distribution for the former period is shown in Figure 2 . The possibility of obtaining these data in the business areas is less than 5% if there is no increase in the harmonic voltage. Therefore, the increase in the THD in the business areas from 1994 to 1999 is significant. Figure 3 shows the results obtained for the 1999 to 2007. In Figure 3 , the possibility of obtaining these data in the business areas is also less than 5% if there is no decrease in the harmonic voltage. Therefore, it is should be noted that the decrease in the THD in the business areas from 1999 to 2007 is also significant. It is clear from the statistical test performed in order to confirm the trends that, in the business areas, the THD increased prior to 1999 but decreased after 1999. The trend in the THD in residential areas is not very clear; however, the estimated slopes after 1999 are negative. Therefore, it is thought that the harmonic voltage levels in Japan have been showing an overall decrease in recent years.
DISTRIBUTION OF TOTAL HARMONIC VOLTAGE DISTORTION
In IEC 61000-2-12, the need of compatibility levels is described in annex A; as an example of a compatibility level, Figure A .1 shows the case where the probability of the disturbance level exceeding the compatibility level is approximately 5%. It is important to grasp the distribution of the THD in order to determine the disturbance level. We cannot determine the relationship between the actual 95% cumulative probability and the compatibility levels before clarifying the distribution of the THD. It is therefore necessary to determine the THD at many points in order to grasp the distribution. A special extensive survey of power quality was carried out in Japan in 2003. The survey data are analyzed statistically in this study. 
Measurement data
Harmonic voltages of 6.6 kV lines were measured at 102 different points. At each measuring point, the harmonic voltages were measured every 10 min for six weeks in accordance with IEC 61000-4-7. In this study, I have used data covering a period of one week. Then, the number of data for each measuring point is 1008-six Prague, Henceforth, the measurement data will be denoted as x ij . The suffix i stands for time and has a numerical value ranging from 1 to 1008, and the suffix j stands for the location and has a numerical value ranging from 1 to 102. Figure 5 shows the distribution of the THD data. The THD varies continuously and with location. The distribution in Figure 5 includes these variations with time and location. It can be seen from the figure that the distribution is not symmetric and that it has a long tail toward the right. I then calculated the logarithm of each data; the line graph in Figure 6 shows the distribution of ln(x ij ). The solid line in Figure 6 shows a normal distribution that has the same average and standard deviation as the line graph. The average is 0.474 and the standard deviation is 0.418. The line graph is similar to the normal distribution. Skewness b 1 and kurtosis b 2 are generally used to judge whether a distribution can be regarded as a normal distribution. The skewness is used to evaluate the symmetricalness of the distribution, and the kurtosis is used to evaluate the length of the tail. These parameters are calculated from equations (3) and (4), respectively. When the distribution is normal, their values are zero. In corollary, if both their values are negligible, the distribution is thought to be similar to a normal distribution.
Distribution of all data
Here A stands for the average and S stands for the standard deviation.
Because b 1 and b 2 in Figure 6 are 0.023 and 0.006, respectively, which is close to zero, the distribution is thought to be similar to a normal distribution. Subsequently, because the distribution of ln(x ij ) is similar to a normal distribution, the distribution of x ij in Figure 5 is similar to a logarithmic normal distribution. A logarithmic normal distribution is expressed by the following equation.
The solid line in Figure 5 is obtained by substituting the average value of 0.474 and the standard deviation value of 0.418 for A and S in equation (5). The solid line is the distribution of the THD in 6.6 kV lines in Japan. As it is possible to express the distribution mathematically, it is also possible to mathematically calculate the probability that the THD is higher than the compatibility level. According to IEC 61000-2-12, the compatibility level of the THD is 11%, and the probability that the THD is higher than the compatibility level is only 0.0002%.
Distribution in time and location
The distribution in Figure 5 includes variations with time and location. In order to determine the reason for the distribution being a logarithmic normal distribution, I separated these variations. The average for seven days at each measuring point is calculated by the following equation. The distribution of a j includes only the variation with location and is shown in Figure 7 . The range of a j varies widely from 0.65% to 4.83% and the distribution has a long tail toward the right. The distribution of the logarithm of a j is shown in Figure 8 . As there are not many measuring points, the distribution can be Prague, 8-11 June 2009
Paper 0332 considered to be similar to a normal distribution although a few irregularities exist. The skewness and kurtosis are 0.213 and -0.069, respectively. As both these values are small, the distribution can be considered to be similar to a normal distribution. Next, the distribution of the variations with time was checked. Equation (7) was used to eliminate the influence of the variations with location. The average at each measuring point is subtracted from each data of x ij .
The distribution of y ij is shown in Figure 9 . The range is narrow and 98.9% of all data lie between -1% and +1%. Though it is almost symmetrical, it is not a normal distribution because the kurtosis has a rather large value of 4.483. As a result of this analysis, the reason behind the distribution in Figure 5 being similar to a logarithmic normal distribution is that the distribution of variations corresponding to changes in the location is similar to a logarithmic normal distribution. Figure 10 shows the trend of the number of failures caused by harmonics in Japan. The trend is based on the number of complaints made by consumers to electric power companies, and therefore, the actual number of failures can be larger than that shown; however, the number of failures shown is thought to be quite accurate. The number of failures was increasing prior to 1994, when the limits were prescribed. However, the reason for its sudden drop in 1994 is not thought to be the effect of the limits because harmonic voltages in electric power distribution lines never show a sudden drop. The reason for the sudden drop could be due to increased awareness of harmonics among the people. However, it is clear that the number of failures has been gradually decreasing.
TREND OF FAILURES CAUSED BY HARMONICS

CONCLUSIONS
Harmonic voltage distortions have decreased since 1999, and the number of failures caused by harmonics has gradually decreased in recent years. It seems to have taken five years for the effect of the limits to appear as the appliances that were in use in 1994 were slowly replaced with ones that conformed to the limits. The distribution of the THD has a long tail toward the right and is similar to a logarithmic normal distribution. Because the long tail is an effect of the variations with location, high harmonic voltages are observed only in the area to the right of the distribution. This means that overall, the existing limits of harmonic currents are effective and sufficient, and the problem of harmonics is going to be resolved in Japan. 
